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Functional proﬁlingIn sulfate-reducing and methanogenic environments complex biopolymers are hydrolyzed and degraded by
fermentative micro-organisms that produce hydrogen, carbon dioxide and short chain fatty acids. Degradation
of short chain fatty acids canbe coupled tomethanogenesis or to sulfate-reduction. Herewe study from a genome
perspectivewhy some of thesemicro-organisms are able to grow in syntrophywithmethanogens and others are
not. Bacterial strains were selected based on genome availability and upon their ability to grow on short chain
fatty acids alone or in syntrophic association with methanogens. Systematic functional domain proﬁling allowed
us to shed light on this fundamental and ecologically important question. Extra-cytoplasmic formate dehydroge-
nases (InterPro domain number; IPR006443), including their maturation protein FdhE (IPR024064 and
IPR006452) is a typical difference between syntrophic and non-syntrophic butyrate and propionate degraders.
Furthermore, two domains with a currently unknown function seem to be associated with the ability of
syntrophic growth. One is putatively involved in capsule or bioﬁlm production (IPR019079) and a second in
cell division, shape-determination or sporulation (IPR018365). The sulfate-reducing bacteria Desulfobacterium
autotrophicum HRM2, Desulfomonile tiedjei and Desulfosporosinus meridiei were never tested for syntrophic
growth, but all crucial domains were found in their genomes, which suggests their possible ability to grow in
syntrophic association with methanogens. In addition, proﬁling domains involved in electron transfer mecha-
nisms revealed the important role of the Rnf-complex and the formate transporter in syntrophy, and indicate
that DUF224 may have a role in electron transfer in bacteria other than Syntrophomonas wolfei as well. This
article is a part of a Special Issue entitled: 18th European Bioenergetics Conference (Biochim. Biophys. Acta,
Volume 1837, Issue 7, July 2014).
© 2014 Published by Elsevier B.V.1. Introduction
Environments with a low redox potential are abundantly present on
earth, especially in the deeper zones of marine and freshwater sedi-
ments. The low redox potential is created by the depletion of oxygen
and the formation of hydrogen sulﬁde in the anaerobic degradation of
organic matter. In the decomposition of sulfur-containing organic
compounds such as the amino acids (cysteine and methionine) and co-
factors (biotin and thiamin) hydrogen sulﬁde is released. Additionally,
hydrogen sulﬁde is formed by anaerobic micro-organisms that respire
with sulfate or other sulfur compounds, such as thiosulfate and18th European Bioenergetics
, July 2014).
31 317 483829.elemental sulfur. This respiratory type of sulﬁdogenesis is quantitatively
most important [1–3].
Respiratory sulfate reduction is an important process in nature, espe-
cially inmarine sedimentswhere the sulfate concentration is high (about
20mM) [4]. In freshwater environments that are generally low in sulfate,
sulfate reduction does not play an important role unless hydrogen sulﬁde
is rapidly oxidized by sulﬁde-oxidizingmicrobes [5,6]. In sulfate-depleted
anoxic environmentsmethanogenesis is themost abundant process [7,8].
Interestingly, in marine environments methanogenesis occurs as well,
especially in zones where the available sulfate is not sufﬁcient to degrade
organic matter [9]. In both marine and freshwater environments
microbes involved in sulfate reduction and methanogenesis interact
strongly with each other, and this interaction is strongly depending on
the availability of sulfate. Generally, sulfate reduction is favored over
methanogenesis when sufﬁcient sulfate is present [4,8].
In sulfate-reducing and methanogenic environments organic
material is degraded in a cascade process. Complex biopolymers are
2005P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016ﬁrst hydrolyzed and degraded by fermentative micro-organisms that
produce hydrogen, carbon dioxide and organic compounds, typically or-
ganic acids (butyrate, propionate, acetate and formate) as products. In
sulfate-reducing environments these compounds are the common sub-
strates for sulfate-reducing micro-organisms. Phylogenetically and
physiologically sulfate-reducing micro-organisms are very diverse [4].
Phylogenetically they occur in the bacterial and archaeal domain of
life. Some sulfate reducers have the ability to grow autotrophically
with H2 and sulfate as energy substrates. Often these autotrophs are
the sulfate reducers that are also able to degrade acetate completely to
CO2, employing the reversible Wood–Ljungdahl pathway for acetate
degradation and acetate formation [10].
In methanogenic environments, methanogens use H2/CO2, formate
and acetate as the main substrates [11]. Methanogenic archaea belong
to different phylotypes. The ability to use acetate is restricted to archaea
belonging to the order Methanosarcinales, with Methanosarcina and
Methanosaeta as important genera. The ability to grow with H2/CO2
and formate occurs in most of the currently described orders of
methanogens [11]. Higher organic compounds such as propionate and
butyrate, that are typical intermediates in methanogenic environments,
are not degraded by methanogens. Therefore, acetogenic bacteria are
required to degrade such compounds to the methanogenic substrates
acetate, formate and H2/CO2 [8,12]. For thermodynamic reasons such
bacteria can only degrade propionate and butyrate when the prod-
ucts are efﬁciently taken away by methanogens. Thus, these
acetogenic bacteria grow in obligate syntrophy with methanogens.
The methanogenic substrates acetate and formate may be degraded
by syntrophic communities as well [13,14]. Syntrophic acetate deg-
radation especially occurs under conditions at which the activity of
acetoclastic methanogens is low such as a high temperature and
high levels of ammonium [13].
Though the basic concepts of sulfate reduction and methanogenesis
are clear, it is not very clear how sulfate-reducing and methanogenic
communities in freshwater and marine sediments are responding to
changes in the sulfate availability. The metabolic ﬂexibility of sulfate-
reducing bacteria has been addressed recently [15–17]. Several sulfate
reducers are able to grow acetogenically in syntrophic association
with methanogens which is for instance the case for Syntrophobacter
fumaroxidans growing with propionate. Nevertheless, not all sulfate re-
ducers possess the ability to switch from a sulfate-dependent lifestyle to
a syntrophic lifestyle. For instance, Desulfobulbus propionicus is a
bacterium that grows with propionate and sulfate, but it is not able to
grow with propionate in syntrophy with methanogens. Similarly, the
thermophilic sulfate reducerDesulfotomaculum kuznetsovii is able to de-
grade propionate with sulfate, but it is not able to grow in syntrophy
with methanogens, while the phylogenetically closely related non-
sulfate-reducing bacterium Pelotomaculum thermopropionicum grows
with propionate in syntrophy with methanogens [18].
This review focusses on syntrophic degradation of short chain fatty
acids (SCFA) such as butyrate, propionate and acetate. In contrast to
syntrophic degradation of ethanol and lactate, syntrophic SCFA
degradation occurs at the limit of what is thermodynamically possible
and requires at least one step with reversed electron transport [19].
Here we address a fundamental and ecologically important question:
“what are the key properties that make that a SCFA-degrading bacteri-
um is able to grow in syntrophy with methanogens and another not”.
The availability of genome sequences of bacteria that can and bacteria
that cannot grow with SCFA in syntrophic association may allow us to
identify key genes in syntrophy.
2. Microbial functions required for syntrophic growth
2.1. Functional proﬁling strategies
Bacterial strains were selected based on genome availability, and
ability to grow on short chain fatty acids syntrophically or not. Sulfatereducers that grow on short chain fatty acids, whose genomes are
available and currently have not been tested for syntrophic growth
were included in our analysis (Table 1). Correct codon usage of se-
quences coding for selenocysteine-containing formate dehydrogenases
and hydrogenases was veriﬁed (Supplementary ﬁle 1). Our strategy is
to compare ﬁrst bacteria that degrade propionate and butyrate, and
then to identify if similarities can also be found in acetate degraders.
Functional domain proﬁles were obtained with InterProScan 5 (version
5RC7, 27th January 2014). To get more insight into microbial functions
required for syntrophic growth, domain based functional proﬁles of
ﬁve butyrate and/or propionate-degrading syntrophs were compared
with two butyrate and/or propionate-degrading non-syntrophs (Sup-
plementary ﬁle 2). Domains only present in syntrophs are listed in
Table 1. Genomes of sulfate reducers that degrade butyrate and/or pro-
pionate, but were never tested for syntrophy, were screened for these
domains (Table 1).
Functional domains assigned to proteins involved in electron trans-
port were separately analyzed. Domains that were unique for each pro-
tein were selected. Genomes of short chain fatty acid degrading
syntrophs, non-syntrophs and sulfate reducers that never have been
tested for syntrophy were screened for these domains (Table 2).
Electron transport mechanisms in short chain fatty acid degrading
syntrophs and non-syntrophs were predicted from their genomes
(Supplementary ﬁles 1 and 3).
2.2. Domain based genome comparison of syntrophic and non-syntrophic
propionate- and/or butyrate degraders
Six domains are present in the genomes of all analyzed butyrate and/
or propionate-degrading syntrophs and not in non-syntrophs (Table 1).
Domain “IPR006443” is exclusively present in the extra-cytoplasmic
formate dehydrogenase (FDH) alpha subunit. Domains “IPR024064
and IPR006452” both belong to FdhE. The gene fdhE in Escherichia coli
is required for maturation of the membrane bound FDH-complex [20].
The fact that extra-cytoplasmic formate dehydrogenases are only pres-
ent in syntrophs and not in non-syntrophs strongly indicates that extra-
cytoplasmic formate production is essential for syntrophic propionate
and butyrate oxidation. It contributes to earlier indication that formate
plays a major role in interspecies electron transfer [21–24]. The redox
potential of the couple proton/hydrogen (E0′ =−414 mV) is slightly
higher than the redox potential of the couple CO2/formate
(−432mV). The relative contribution of formate andhydrogen as inter-
species electron carrier in syntrophic fatty acid-degrading communities
has not been clear thus far, but a syntrophic relationship in which both
hydrogen and formate can be transferred would be more ﬂexible than
when only hydrogen is transferred [21]. Syntrophobacter fumaroxidans
and Syntrophospora bryantii oxidize propionate and butyrate, respec-
tively, in syntrophy with hydrogen and formate-using methanogens
such as Methanospirillum hungatei and Methanobacterium formicicum,
but not with the hydrogen only-using Methanobrevibacter arboriphilus
[23]. In analogy with this, Syntrophomonas wolfei oxidizes butyrate faster
with the formate and hydrogen-using M. hungatei than with the
hydrogen-only using M. arboriphilus [24]. The importance of formate
transfer in S. wolfei cocultures is supported further by the observed
involvement of an extra-cytoplasmic formate dehydrogenase in the
ﬁnal reduction of CO2 with electrons generated by the butyryl-CoA to
crotonyl-CoA conversion [25]. Moreover, this extra-cytoplasmic formate
dehydrogenasewasmore expressed during syntrophic growth compared
to axenic growth [25].
Domain “IPR019079”, named CapA, was found in genomes of all
short chain fatty acid degrading syntrophs (including acetate oxidizers,
data not shown) and was not present in the genomes of the two non-
syntrophs (Table 1). CapA is part of a membrane bound complex that
synthesizes poly-γ-glutamate to form a capsule or bioﬁlm in Bacillus
subtilis, Bacillus anthracis, Staphylococcus epidermidis and Fusobacterium
nucleatum [41–43]. The presence of this domain in SCFA degrading
Table 1
Domain based genome comparison of syntrophic and non-syntrophic butyrate and/or propionate degraders. Domains present in genomes of all butyrate and/or propionate-degrading
syntrophs and absent in those of non-syntrophs are listed and domain abundance is indicated. Syntrophs are shaded orange, non-syntrophs are shaded blue and sulfate reducers that
were never tested for syntrophic growth are shaded green. Thepale color green corresponds to draft genomes and thedarker colors (orange, blue, green) correspond to complete genomes.
Sy
nt
ro
ph
om
on
as
 w
ol
fe
i
Sy
nt
ro
ph
us
 a
ci
di
tr
op
hi
cu
s
Sy
nt
ro
ph
ot
he
rm
us
 li
po
ca
lid
us
Sy
nt
ro
ph
ob
ac
te
r 
fu
m
ar
ox
id
an
s
Pe
lo
to
m
ac
ul
um
 t
he
rm
op
ro
pi
on
ic
um
D
es
ul
fo
to
m
ac
ul
um
 k
uz
ne
ts
ov
ii
D
es
ul
fo
bu
lb
us
 p
ro
pi
on
ic
us
D
es
ul
fo
bu
lb
us
 ja
po
ni
cu
s
D
es
ul
fa
ti
ba
ci
llu
m
 a
lk
en
iv
or
an
s
D
es
ul
fa
ti
rh
ab
di
um
 b
ut
yr
at
iv
or
an
s
D
es
ul
fo
ba
ct
er
iu
m
 a
ut
ot
ro
ph
ic
um
 H
RM
2
D
es
ul
fo
sp
ir
a 
jo
er
ge
ns
en
ii
D
es
ul
fo
ti
gn
um
 b
al
ti
cu
m
D
es
ul
fo
m
on
ile
 t
ie
dj
ei
D
es
ul
fa
rc
ul
us
 b
aa
rs
ii
D
es
ul
fo
sp
or
os
in
us
 m
er
id
ie
i
D
es
ul
fo
ta
le
a 
ps
yc
hr
op
hi
la
D
es
ul
fa
ti
ba
ci
llu
m
 a
lip
ha
ti
ci
vo
ra
ns
D
es
ul
fo
to
m
ac
ul
um
 g
ib
so
ni
ae
Growth on butyrate ¥
Growth on propionate ¥
Extra-cytoplasmic
FDH alpha subunit IPR006443 1 2 1 3 1 0 0 0 2 1 5 2 0 2 0 1 0 0 1
FdhE-like protein IPR024064 4 6 2 5 3 0 0 0 0 0 4 4 0 2 1 2 0 0 2
FDH accessory
protein IPR006452 2 3 1 2 1 0 0 0 0 0 2 2 0 1 0 1 0 0 1
Capsule synthesis
protein, CapA IPR019079 2 2 4 2 1 0 0 0 0 0 4 2 0 2 0 4 4 0 2
Cell cycle, FtsW /
RodA / SpoVE, IPR018365 1 2 2 2 1 0 0 0 2 1 3 0 1 1 2 2 0 0 0
Ribonuclease P,
conserved site IPR020539 1 1 1 1 1 0 0 0 2 1 1 0 0 1 1 1 1 0 0
¥The ability of substrate conversion was retrieved from literature [18,24,26–40].
2006 P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016bacteria may contribute to the formation of exo-polymeric substances
that may facilitate syntrophic growth. Domain “IPR018365” is present
in FtsW, RodA, and SpoVE, that are membrane integrated proteins in-
volved in cell division, shape-determination and sporulation in E. coli
and B. subtilis [44–46]. What the exact function of this domain is in
syntrophic butyrate and propionate degraders is unclear. The domain
“IPR020539” that seems exclusively present in syntrophs in our analysis
belongs to the protein Ribonuclease P which removes extra residues at
the 5′-side from precursor tRNA, resulting in mature tRNA. However,
what its function could be in syntrophic growth is unclear. Just coinci-
dence cannot be excluded. As can be seen from Table 1, only one copy
of this domain is present in the genome of a syntrophic bacterium,
whereas for the domains involved in periplasmic formate dehydroge-
nases, CapA-domains and cell cycle FtsW/RodA/SpoVE-domains, more
copies are present. Furthermore domain co-occurrence suggests that
Desulfobacterium autotrophicum HRM2, Desulfomonile tiedjei andNotes to Table 2:
Abbreviations are explained as formate dehydrogenase (FDH); NADH: ubiquinone oxidoreduc
(Rnf) complex; butyryl-CoA dehydrogenase (Bcd); domain of unknown function 224 (DUF224
*more than 99.
†These IPR numbers were unique for NiFe hydrogenase alpha subunits. As the Ech complex als
this EchE.Desulfosporosinus meridieimight be able to adopt a syntrophic lifestyle
on SCFA.
2.3. Domain based functional proﬁling of electron transfer mechanisms
For syntrophic short chain fatty acid degradation, electron transfer
mechanisms are required to transfer electrons to the terminal acceptor,
which can be sulfate in a sulﬁdogenic lifestyle or protons and/or CO2 in
a syntrophic lifestyle. As the previous paragraph focussed on functional
domains that are present in all syntrophic and not in non-syntrophic pro-
pionate and/or butyrate degraders, here we proﬁle the functional do-
mains involved in electron transfer mechanisms (Table 2). As can be
seen from Table 2, cytoplasmic and extra-cytoplasmic formate dehydro-
genases contain InterPro domains that are unique for each protein.
“IPR006443” is only present in extra-cytoplasmic FDH's, not in cytoplas-
mic FDH's whereas “IPR027467”, “IPR006655” and “IPR006478” oftase subunit 51 kDa (NUO 51 kDa); membrane-bound ferredoxin:NAD+ oxidoreductase
).¥The ability of substrate conversion was retrieved from literature [18,24,26–40,50–58].
o contains a NiFe hydrogenase alpha subunit, corresponding domains were also found in
Table 2
Proﬁles of functional domains involved in electron transfer mechanisms. Proﬁles of functional domains involved in electron transfer mechanisms are shown. Domain abundance is
indicated. Syntrophic sort chain fatty acid (SCFA) degraders are shaded orange, non-syntrophic SCFA degraders are shaded blue and sulfate reducers that were never tested for syntrophic
growth are shaded green. Pale colors (orange, green) correspond to draft genomes and the darker colors (orange, blue, green) correspond to complete genomes.
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Growth on SCFA ¥
Butyrate
Propionate
Acetate
Protein (complex) Subunit
InterPro 
number
Cytoplasmic FDH
Alpha
IPR027467 4 2 2 3 1 0 5 1 2 0 0 5 3 3 0 0 10 2 5 2 1 3 4 2 2 4 2 2
IPR006655 2 4 0 5 2 0 11 2 2 2 1 9 5 5 1 1 9 3 4 7 3 1 7 4 1 1 6 2
IPR006478 0 0 1 3 0 0 3 1 1 0 0 1 1 0 0 0 1 0 0 2 0 0 2 0 1 5 1 2
NUO
51kDa
IPR019575 12 12 4 8 6 4 16 4 12 8 2 12 4 0 0 2 6 0 12 9 0 8 6 8 6 12 12 6
IPR001949 8 6 3 4 3 2 3 1 5 4 1 6 2 0 0 1 3 0 6 4 0 4 1 2 3 6 4 3
Extra–cytopl. FDH Alpha IPR006443 3 4 1 5 2 0 2 0 0 0 1 3 2 0 0 2 5 4 0 2 1 0 2 0 1 0 2 0
Formate 
transporter –
IPR000292 2 1 0 1 1 2 0 0 0 0 0 4 0 0 1 0 4 0 0 0 0 2 2 0 2 0 0 0
IPR024002 2 0 0 1 0 1 0 0 0 0 0 4 0 0 1 0 2 0 0 0 0 2 2 0 2 0 0 0
FeFe–hydrogenase Alpa
IPR004108 4 1 3 3 4 6 0 2 8 3 0 0 0 0 0 0 4 1 2 1 0 1 5 4 0 0 7 5
IPR009016 5 1 3 3 5 4 0 2 8 3 0 0 0 0 0 0 6 1 2 1 0 1 5 6 0 0 7 5
IPR003149 9 3 9 6 9 6 0 3 12 6 0 0 0 0 0 0 9 3 3 3 0 0 9 6 0 0 9 9
IPR013352 3 1 3 2 3 2 0 1 4 2 0 0 0 0 0 0 3 1 1 1 0 0 3 2 0 0 3 3
NiFe–hydrogenase
IPR001501† 0 2 3 17 2 0 12 0 0 10 7 12 1 15 5 0 12 2 6 3 3 2 7 14 8 2 8 1
IPR018194† 0 1 2 6 2 0 6 0 0 6 4 9 2 18 4 0 8 2 4 4 4 4 5 13 7 1 2 1
Rnf complex
RnfB
IPR007202 2 2 0 9 6 8 4 2 10 2 0 22 7 12 4 0 30 10 10 14 6 13 6 4 4 12 13 10
IPR010207 0 1 0 1 0 1 0 1 0 0 0 1 0 3 1 0 5 1 0 1 2 0 0 2 1 0 0 0
RnfC
IPR026902 0 1 0 1 0 1 2 1 0 0 1 4 0 6 2 0 2 2 1 1 1 1 3 6 1 0 0 0
IPR010208 0 2 0 2 0 2 0 2 0 0 0 0 0 6 2 0 4 0 0 2 2 2 0 4 0 0 0 0
RnfD
IPR004338 0 1 0 1 0 1 0 2 0 0 0 2 1 9 3 0 4 1 2 1 1 1 0 4 0 0 0 0
IPR011303 0 1 0 1 0 1 0 2 0 0 0 2 1 3 1 0 2 1 1 1 1 1 0 2 0 0 0 0
RnfG IPR007329 2 2 0 2 0 2 0 16 0 0 0 4 2 18 6 0 14 2 6 2 2 2 0 8 0 0 6 0
Ech complex
EchA
IPR001750 0 0 4 6 0 0 6 0 3 14 0 4 9 7 4 0 8 6 9 6 3 0 7 11 0 6 3 5
IPR001516 0 0 2 2 0 0 2 0 1 3 0 0 1 3 1 0 0 2 2 2 0 0 1 0 0 2 1 1
EchB IPR001694 0 0 3 4 0 0 3 0 2 8 0 0 2 5 1 0 2 0 1 4 0 0 4 6 0 5 2 2
EchC IPR006137 0 2 6 16 2 0 14 0 2 19 6 12 6 26 6 0 12 4 8 8 4 4 12 22 6 6 9 4
EchD
IPR001268 0 0 2 2 0 0 4 0 1 3 0 0 2 5 1 0 1 0 1 2 0 0 3 4 0 2 1 2
IPR012179 0 0 0 0 0 0 2 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0
EchE IPR001135 0 0 4 3 0 0 8 0 2 5 0 0 3 8 1 0 1 0 1 2 0 0 4 6 0 3 2 3
Etf alpha – IPR014731 3 1 4 4 6 1 0 1 4 2 0 10 4 5 1 2 7 4 7 3 0 3 3 3 0 1 1 3
Etf beta – IPR012255 3 1 4 4 7 1 0 1 4 2 0 10 4 5 1 2 5 4 7 3 0 3 3 2 0 1 1 3
Bcd –
IPR006089 7 6 17 7 8 0 0 2 12 6 0 54 9 10 2 5 18 4 10 21 0 22 15 0 15 2 20 2
IPR009075 18 13 28 14 20 0 0 2 20 6 0 * 36 40 10 12 64 17 36 45 0 44 22 0 34 2 30 2
IPR006092 7 6 10 6 9 0 0 1 8 3 0 82 15 20 5 5 31 7 16 19 0 18 8 0 15 1 15 1
IPR006091 18 13 27 14 20 0 0 2 18 6 0 * 36 40 10 12 68 17 36 45 0 43 22 0 36 2 30 2
IPR013786 8 6 12 6 9 0 0 1 9 3 0 90 15 20 5 5 31 7 17 19 0 19 9 0 18 1 15 1
IPR009100 9 7 14 8 11 0 0 1 9 3 0 * 18 20 5 7 34 9 19 25 0 23 12 0 18 1 15 1
DUF224 –
IPR003816 1 1 1 1 2 0 0 0 1 2 0 5 4 9 2 0 6 2 5 8 2 3 4 2 2 1 1 1
IPR004017 6 15 10 27 13 0 16 0 26 17 8 58 25 52 11 4 54 24 34 39 20 18 34 33 10 11 31 16
IPR023234 1 1 1 5 3 0 0 0 3 4 0 19 6 25 11 0 27 6 14 15 7 9 8 8 6 3 3 3
Cytochrome 
c
IPR023155 1 1 0 6 0 0 0 0 0 12 0 12 4 10 3 0 10 4 4 20 4 11 1 3 2 1 0 0
IPR024673 0 0 0 3 0 0 0 0 0 0 0 10 3 15 3 0 2 0 4 0 3 0 0 6 0 0 0 0
cIII
IPR020942 0 0 0 2 0 0 0 0 0 4 2 10 5 18 4 0 11 4 10 4 9 2 0 0 1 1 0 0
IPR002322 0 0 0 0 0 0 0 0 0 8 4 24 16 52 12 0 40 16 24 8 24 4 0 0 4 4 0 0
b561
IPR016174 6 6 6 3 1 0 6 0 2 1 1 4 2 6 2 0 0 4 2 6 2 1 13 11 0 2 1 0
IPR000516 0 0 4 2 0 0 6 0 0 0 0 4 2 0 0 0 0 0 0 0 2 0 10 10 0 0 2 0
b5 IPR001199 0 3 0 3 0 0 0 0 0 0 0 0 3 0 0 0 0 4 0 3 0 0 0 0 0 0 0 0
2007P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016
Table 3
Gibbs free energy changes of short chain fatty acid oxidation andmethane production. Valueswere calculated from the Gibbs free energies of formation of the reactants a concentration of
1 M, pH 7.0, T = 298 K and a partial pressure of gas of 105 Pa according to Thauer et al. 1977 [71].
Eq. no Reaction ΔG0′ (kJ/reaction)
1a Butyrate− + 2 H2O → 2 acetate− + H+ + 2 H2 +48
1b Butyrate− + 2 H2O + 2 CO2 → 2 acetate− + 3 H+ + 2 formate− +55
2a Propionate− + 2 H2O → Acetate− + CO2 + 3 H2 +72
2b Propionate− + 2 H2O + 2 CO2 → Acetate− + 3 formate− + 3 H+ +82
3a Acetate− + 2 H2O + H+ → 2 CO2 + 4 H2 +95
3b Acetate− + 2 H2O + 2 CO2 → 4 formate− + 3 H+ +109
4 Formate− + H+ → H2 + CO2 −3.4
5 4 formate− + 4 H+ → CH4 + 3 CO2 + 2 H2O −145
6 4 H2 + CO2 → CH4 + 2 H2O −131
7 Acetate− + H+ → CH4 + CO2 −36
2008 P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016cytoplasmic FDH's, are not present in extra-cytoplasmic FDH's. Domains
of cytoplasmic FDH's are present in genomes of syntrophs and non-
syntrophs, whereas the domain of extra-cytoplasmic FDH's is present
only in syntrophs. Formate transporter linked domains are absent in ge-
nomes of non-syntrophs whereas they are present in a number of
syntrophs. These observations again point to the importance of formate
as interspecies electron carrier.
The membrane bound Rnf complex that can conserve energy by the
reversible translocation of protons or sodium ions from ferredoxin oxi-
dation with NAD+ [47] was not found in non-syntrophs but is present
in several syntrophs. As syntrophs live at the limit of what is energeti-
cally possible [19,48,49] they contain mechanisms to conserve energy
from ferredoxin oxidation with NAD+. Furthermore, recently the do-
main with unknown function “DUF224” was shown to play a role in
electron transport from an electron transfer ﬂavoprotein (ETF) towards
membrane-bound electron transfer components in S. wolfei [25].
DUF224 is present in 18 genomes from which 17 also contain domains
linked to ETF complexes. This indicates that DUF224may have a role in
electron transfer in bacteria other than S. wolfei as well.
3. Energetics and metabolism of syntrophic short chain fatty
acid degradation
3.1. Energy conservation mechanisms
For microbial maintenance and growth the energy that is released
from catabolic reactions has to be converted into energy that can be
used to perform anabolic reactions. Therefore, energy is conserved as
ATP by substrate level phosphorylation or via a proton or sodium gradi-
ent over the cytoplasmic membrane, termed electron transport phos-
phorylation. Membrane bound enzyme complexes are required to build
a proton gradient over themembranewhile other membrane bound en-
zyme complexes are required to use the proton gradient. Themembrane
bound enzyme complex ATP synthase can either use the proton gradient
for ATP synthesis or ATP hydrolysis to build the proton gradient.
In addition to substrate level phosphorylation and the proton
gradient over the cytoplasmic membrane, an only recently discovered
process called ﬂavin-based electron bifurcation has been considered as
a third mechanism for energy conservation [59]. In the last decade,
several of such cytoplasmic bifurcation complexes were determined in
bacteria and archaea [59–67]. Instead of coupling two redox reactions,
as is performed by commonly known redox proteins, bifurcation (and
the reversed reaction termed confurcation) enzyme complexes couple
three redox reactions. With this concept, energy that would otherwise
have been lost can be conserved or endergonic reactions can be coupled
to exergonic reactions and reducing equivalents that are generated can
be re-oxidized efﬁciently. For instance endergonic reduction of ferre-
doxin with NADH is coupled to the exergonic reduction of crotonyl-
CoA to butyryl-CoA by the butyryl-CoA/electron transfer ﬂavoprotein
complex of Clostridium kluyveri [62]. Another example is the [FeFe]-
hydrogenase complex of Thermotoga maritima that couples reversibleferredoxin reductionwith hydrogen toNAD+ reduction [63]. In addition
to cytoplasmic bifurcating enzyme complexes, membrane bound com-
plexes (Rnf-complexes) were recently shown to conserve energy by
the reversible translocation of protons or sodium from ferredoxin
oxidation with NAD+ [68]. The energy conserving hydrogenase (Ech)
has a similar function, but performs the proton or sodium translocation
by ferredoxin oxidation with hydrogen production [69].
3.2. Syntrophic butyrate degradation
Butyrate oxidation coupled to hydrogen or formate production is end-
ergonic under standard conditions. This is shown by the positive Gibbs
free energy changes; +48 kJ and +55 kJ, respectively (Table 3). When
butyrate oxidation is coupled to methane production the conversion is
energetically feasible. To share this energy between the syntrophic
butyrate oxidizer and the methanogen in such a manner that both
micro-organisms gain enough energy to grow, the hydrogen and formate
concentrations have to be kept in a certain low range (around 2 Pa) [19].
S. wolfei, Syntrophus aciditrophicus and Syntrophothermus lipocalidus can
couple butyrate oxidation to syntrophic growth with methanogens and
cannot grow in pure culture with any electron acceptor [26,27,70].
All known syntrophic butyrate degraders oxidize butyrate via the
beta-oxidation pathway (Table 4, Fig. 1) [8,48]. This pathway includes
two reactions that generate electron pairs and one reaction that gener-
ates ATP. This ATP partially has to be invested in the endergonic conver-
sion of butyryl-CoA to crotonyl-CoA. The biochemical mechanism that
enables investment of a fraction of ATP for the endergonic conversion
of butyryl-CoA to crotonyl-CoA has recently been revealed in S. wolfei
[25]. Electrons that are generated by the conversion of butyryl-CoA to
crotonyl-CoA travel via butyryl-CoA dehydrogenase (encoded by genes
with locus tags Swol_1933 and Swol_2053), an electron transfer ﬂavo-
protein (encoded by Swol_0696-7) and a membrane anchored protein
that was annotated as DUF224 (encoded by Swol_0698) to the
menaquinone pool in themembrane. Oxidation of reducedmenaquinone
is then coupled to formate generation by a membrane anchored extra-
cytoplasmic formate dehydrogenase (encoded by Swol_0797-800) [25].
This reaction is driven by the protonmotive force. The produced formate
is used by the methanogen. The second reaction that generates electrons
(NADH) is the conversion of hydroxybutyryl-CoA to acetoacetyl-CoA
which is endergonic when coupled to hydrogen or formate production.
Most likely, in S. wolfei this involves the [FeFe]-hydrogenase (encoded
by Swol_1017-19) that forms a cytoplasmic complex with a formate
dehydrogenase (Swol_0783-6) [72].
3.3. Syntrophic propionate degradation
Propionate oxidation coupled to hydrogen or formate production is
endergonic under standard conditions. This is shown by the positive
Gibbs free energy changes; +72 kJ and +82 kJ respectively (Table 3).
However, when propionate oxidation is coupled to methane production
the conversion is energetically feasible. To share energy between the
Table 4
Physiological characteristics of the short chain fatty acid degrading syntrophs and non-syntrophs.
Syntrophomonas
wolfei subsp. wolfei
Syntrophus aciditrophicus Syntrophothermus
lipocalidus
Syntrophobacter
fumaroxidans
Pelotomaculum
thermopropionicum
Tepidanaerobacter
acetatoxydans Re1
Thermoacetogeni-um
phaeum
Clostridium
ultunense DSM
10521
Desulfotomaculum
kuznetsovii
Desulfobulbus
propionicus
Gram reaction − − −a − −a +/−b + −a −a −
Motility + − + − − + + + −
Spore formation − − − − + + + + + −
Growth pH
(range/optimum)
ND/7.2? ND/7.0? 5.8–7.5
(6.5–7)
6.0–8.0/7 6.5–8.0/7.0 4–9.5/7? 5.9–8.4/6.8 5–10
(6.5–8)
ND 6.0–8.6
(7.1–7.5)
Growth
temperature (°C)
(range/optimum)
ND/35 25–42/35 45–60/55 20–40/37 45–65/55 25–55/35 40–65/58 15–50/37 50–85/60–65 10–43/39
Growth rate (d−1) 0.27
In coculture on
butyrate with
M. hungatei
0.22
In coculture with G11
0.93 in pure culture
on crotonate
1.06 in coculture on
butyrate
0.17
In coculture
0.19 coculture on
propionate
2.4 coculture on
ethanol
0.1 0.7 ND ND 0.42
(propionate +
sulfate)
Cytochrome b
and -c
menaquinone
Cyt C
MK-7
MQ Not found Cyt b
Cyt c
MK-6
MK-7
MK ND MQ-7 Not found ND Cyt b
Cyt c
MK-4
MK-5
Metabolic pathway
used
β-Oxidation β-Oxidation β-Oxidation Methyl-malonyl-CoA Methyl-malonyl-
CoA
Wood Ljungdahl Wood Ljungdahl Wood Ljungdahl
Acetyl-CoA
Wood Ljungdahl
Methyl-malonyl-
CoA
β-Oxidation
Methyl-malonyl-
CoA
Complete/incomplete
oxidizer
Incomplete Incomplete Incomplete Incomplete Incomplete Complete Complete Incomplete? Complete Incomplete
Electron acceptor
utilization in pure
culture
None None None Sulfate, thiosulfate,
fumarate
Fumarate Thiosulfate Sulfate None Sulfate, sulﬁte,
thiosulfate
Sulfate, sulﬁte,
thiosulfate, nitrate,
oxygen, Fe(III)
Substrate utilization
in pure culture
Crotonate Crotonate Crotonate Propionate, formate,
fumarate, succinate,
hydrogen, malate,
aspartate, pyruvate
Propionate,
fumarate,
pyruvate,
ethanol, lactate
Pyruvate, malate,
citrate, glycerol,
glucose, fructose,
galactose, lactose,
cellobiose, salicin,
dimethylamine,
histidine,
cysteine,
methionine, serine,
cas aa, tryptone
Methanol, ethanol,
n-propanol, n-butanol,
2,3-butanediol,
ethanolamine,
pyruvate, 3,4,5-
trimethoxy-benzoate,
syringate, vanillate,
glycine, cysteine,
formate, H2/CO2
Formate, betaine,
glucose, pyruvate,
ethylene glycol,
cysteine
Formate, acetate,
propionate, butyrate,
valerate, lactate,
malate, fumarate,
succinate, methanol,
ethanol, propanol,
butanol, hydrogen,
(up to 50%) CO
Propionate, lactate,
pyruvate, ethanol,
1-propanol + 1
butanol, H2
Substrate utilization
in co-culture
Butyrate, caproate,
caprylate, valerate,
heptonoate,
isoheptanoate
Butyrate, benzoate,
hexanoate, heptanoate,
octanoate, palmitate,
Stearate, trans-2-
pentenoate, trans-
2-hexanoate, trans-3-
hexanoate, 2-octenoate,
methyl esters of
butyrate and hexanoate,
Butyrate, isobutyrate
straight-chain fatty
acids from C4 to C10
Propionate Propionate,
ethanol, lactate,
1-butanol, ethylene
glycol, 1-propanol,
1-pentanol, 1,3-
propanediol
Acetate Acetate Acetate None None
Syntrophic partner
used
Methanospirillum
hungatei
Desulfovibrio strain
G11
Methano-bacterium
bryantii
Strain MoH
Methano-brevibacter
arboriphilus
Methanospirillum hungatei
Desulfovibrio strain
G11 in the presence
of sulfate
M.
thermoautotrophicum
Methanospirillum
hungatei
Methanobacte-rium
formicicum
Methanothermo-
bacter thermoautotro-
phicus
Methanoculleus
sp. strain MAB2
Methanothermo-
bacter
thermoautotrophicus
strain TM
Methanoculleus
sp. strain MAB1
(reference 2)
None None
References [73,74]
[24,70]
[26,48] [27] [28,75,76] [18,77,78] [50] [51] [50,52] [66,79] [7,30,80–84]
a Cells stain Gram-negative but the micro-organism has a Gram-positive cell wall ultrastructure.
b ND: not determined or not reported.
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Fig. 1.Metabolic pathways that are used for acetate, propionate and butyrate conversion by bacteria that can grow in syntrophy with methanogens.
2010 P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016syntrophic propionate oxidizer and the methanogen in such a manner
that both micro-organisms gain enough energy to grow, the hydrogen
and formate concentrations have to be kept in a low range (around
40 Pa) [19]. Smithella propionica, Syntrophobacter fumaroxidans and
Pelotomaculum thermopropionicum are able to couple propionate
oxidation to syntrophic growth with methanogens [18,28,78,85].
Smithella propionica degrades propionate via a dismutating pathway to
acetate and butyrate, which is subsequently oxidized to acetate [86].
All other known syntrophic propionate-degrading bacteria use the
methylmalonyl-CoA pathway to oxidize propionate to acetate and CO2
(Fig. 1). In this pathway one ATP is formed via substrate level phosphor-
ylation. Part of that ATP has to be invested and three conversions in the
methylmalonyl-CoA pathway generate each two electrons.
One of the reactions that generates electrons is the endergonic
oxidation of succinate to fumarate that requires investment of 2/3 ATP
[19]. van Kuijk et al. (1998) [75] proposed that succinate oxidation
could be coupled to extra-cytoplasmic hydrogen or formate formation
via a menaquinone loop between a cytoplasmic oriented membrane-
bound succinate dehydrogenase and a periplasmic oriented membrane
bound hydrogenase or formate dehydrogenase. Genes coding for a
periplasmic hydrogenase and three extra-cytoplasmic formate dehy-
drogenaseswere found in the genomeof S. fumaroxidans [87]. Especially
the gene Sfum_1273-74 that codes for one of the periplasmic formate
dehydrogenase alpha subunits is highly transcribed during syntrophic
growth [88]. Also malate oxidation to oxaloacetate generates two elec-
trons (NADH) [89]. The third reaction that generates electrons is the
conversion of pyruvate to acetyl-CoA and CO2 by pyruvate:ferredoxinoxidoreductases [90]. Genome analysis suggests that NADH generated
frommalate oxidation and reduced ferredoxin generated frompyruvate
oxidation could be coupled to formate or hydrogen production by
confurcating formate dehydrogenases and hydrogenases [87]. Such a
mechanism would use the energy that remains from ferredoxin oxida-
tion with protons to allow the endergonic coupling of NADH oxidation
to proton reduction. Formate dehydrogenases from S. fumaroxidans
were studied for subunit-composition, enzyme activity, cofactor bind-
ing and direction of conversion. Formate dehydrogenase 1 contains W,
Se, four [2Fe2S], one [4Fe4S] and is a hetero-trimer. Formate dehydroge-
nase 2 contains W, Se, two [4Fe4S] and is heterodimer. Both enzymes
oxidize formate with benzyl viologen and reduce CO2 with reduced
methylviologen. The puriﬁed enzyme was not able to reduce NAD+
[91]. Whether these formate dehydrogenases can confurcate electrons
from NADH and reduced ferredoxin to CO2 reduction, has never been
tested.
3.4. Syntrophic acetate oxidation
Acetate oxidation coupled to hydrogen or formate production under
standard conditions is endergonic, as is shown by the positive Gibbs free
energy changes; +95 kJ and +109 kJ, respectively (Table 3). However,
methane production from hydrogen and formate is exergonic, as is
shown by the negative Gibbs free energy changes;−131 kJ and−145 kJ,
respectively. When acetate oxidation is coupled to methane formation,
energy (−36 kJ/reaction) is available for maintenance and growth. To
share this energy between the syntrophic acetate oxidizer and the
2011P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016methanogen in such a manner that both micro-organisms gain enough
energy to grow, the hydrogen and formate concentrations have to be in a
low range (10 to 50 Pa). Tepidanaerobacter acetatoxydans Re1 and
Thermacetogenium phaeum can oxidize acetate in syntrophic relationship
with methanogens [50,92] and both use the Wood–Ljungdahl pathway
for acetate oxidation (Table4). Complete acetate conversion toCO2 involves
four reactions that each generate an electron pair. One ATP is required for
acetate activation (Fig. 1) and from the conversion of formyl tetrahydrofo-
late (HCO-THF) to formate one ATP can be generated via substrate level
phosphorylation. How energy is conserved and fuelled to support growth
and maintenance is unknown.
The genome of T. phaeum's contains mostly single gene copies of en-
zymes involved in the Wood–Ljungdahl pathway, which indicates that
enzymes are used bidirectional [51]. Although electron transfer mecha-
nisms involved in acetate oxidation are unknown, theymight be similar,
or even the same as those used for acetate production. The acetogenic
bacteria Moorella thermoacetica and Acetobacterium woodii use the
Wood–Ljungdahl pathway in the direction of CO2 reduction to acetate.
M. thermoacetica possesses two electron-bifurcating enzymes during
acetogenesis; an NADH-dependent Fdred:NADP+ oxidoreductase and a
hydrogenase that couples NAD+ reduction with ferredoxin [61] that
probably are involved in the inter-conversion of redox couples and
coupling of reducing equivalents to hydrogen production.Which reduc-
ing equivalents are involved still remains unclear.A.woodiimight use an
Rnf-complex and a hydrogenase that couples NAD+ reduction with
ferredoxin [93].
In the genome of the syntrophic acetate oxidizing bacterium
T. acetatoxydans Re1, no genes coding for formate dehydrogenases
or cytochromes were found [94], therefore it is probably not able
to couple intracellular redox reactions to extracellular formate
production via cytochrome and quinones. However, a gene coding for
a formate transporter is present in the genome of T. acetatoxydans Re1.
Syntrophic acetate oxidizers use the Wood–Ljungdahl pathway in
reverse, when growing on acetate, as was proposed already by Barker
in 1936 and later demonstrated by Zinder and Koch (1984) with their
culture of “Reversibacter” [95,96]. T. acetatoxydans cannot produce
acetate by CO2 reduction with hydrogen [50]. This is consistent with
the ﬁnding that the genome of T. acetatoxydans lacks genes coding for
a formate dehydrogenase that is essential for the ﬁrst step of CO2 reduc-
tion in the Wood Ljungdahl pathway. It does not explain why
T. acetatoxydans cannot grow on formate [50], since the formate trans-
porter could deliver formate directly in the cytoplasm entering the
methyl-branch of the acetogenic pathway. This also implies that during
syntrophic acetate oxidation by T. acetatoxydans Re1, formate is formed
from HCO-THF by formyl tetrahydrofolate synthase (FTHFS) and is
transported via the formate transporter over the membrane. Speciﬁc
primers targeting FTHFS of T. acetatoxydans Te1 have been successfully
used to quantify its abundance in anaerobic biogas reactor with increas-
ing ammonia load [50]. As the syntrophic partner of T. acetatoxydans
Re1 is Methanoculleus sp. strain MAB2 that can grow with H2 and CO2
and formate [97], both hydrogen and formate can be the interspecies
metabolite. The absence of a formate dehydrogenase coding gene has
also consequences for the acetogenic growth of the bacteriumon sugars,
since reducing equivalents generated during glycolysis cannot be used
to reduce CO2. The presence of a pyruvate formate lyase coding gene
(TEPIRE1_470) in T. acetatoxydans may compensate for this and
produce formate directly from pyruvate. Also in this case, formate is
directly entering the methyl-branch of the acetogenic pathway.
Hydrogen formation during acetate oxidation by T. acetatoxydans
Re1 is likely through an [FeFe]-hydrogenase that couples proton
reduction to hydrogen generation.
3.5. Syntrophic formate degradation
In the degradation of SCFA, formate and hydrogen play an important
role as electron shuttling components. Interestingly syntrophic growthwith formate occurs as well. Formate oxidation coupled to hydrogen is
endergonic under standard conditions. This is shown by the Gibbs free
energy change that is close to zero;−3.4 kJ (Table 3). However, when
formate oxidation is coupled to methane production the conversion is
energetically feasible. To share energy between the syntrophic propio-
nate oxidizer and the methanogen in such a manner that both micro-
organisms gain enough energy to grow, the hydrogen concentration
has to be kept in a low range (between 40 and 100 Pa) [14]. The ther-
mophilic Moorella sp. strain AMP and mesophilic Desulfovibrio sp.
strain G11 are able to couple formate oxidation to syntrophic growth
with methanogens that can only use hydrogen as electron donor
[14]. The electron transfer mechanism that allows syntrophic
formate degradation is not known. It was proposed that an extra-
cytoplasmic formate dehydrogenase is coupled to a membrane inte-
grated, cytoplasmic oriented hydrogenase which generates a proton
motive force that can be used to drive ATP synthesis [14]. To what
extent and in what types of anaerobic microbial environments
syntrophic formate degradation can competewith formate degradation
by methanogens is not known.
4. Phylogeny of short chain fatty acid degraders does not
predict syntrophy
Syntrophic methanogenic growth on butyrate is performed by bac-
teria belonging to the Firmicutes (Syntrophomonas, Syntrophothermus,
Thermosyntropha genera) and Deltaproteobacteria (S. aciditrophicus).
Syntrophomonas is the best represented genus within syntrophic fatty-
acid degraders (in terms of available isolates), with 11 species and/or
subspecies described thus far [98]. Nevertheless, only the genome of
S. wolfei subsp. wolfei has been sequenced [99]. Propionate can be
syntrophically utilized by Pelotomaculum- and Syntrophobacter species
[100]. In addition, S. propionica can degrade propionate in syntrophy
with methanogens [85]. Syntrophobacter species can use propionate in
syntrophy with hydrogenotrophic methanogens, or alone if sulfate is
available in the environment [16]. Pelotomaculum species do not possess
the ability to grow with propionate and sulfate. The genomes of
S. fumaroxidans and P. thermopropionicum are available [77,101]. A re-
stricted number of bacterial species is known to degrade acetate in
syntrophy with hydrogenotrophic methanogens, namely Clostridium
ultunense [52], T. phaeum [92], Thermotoga lettingae [102], Syntrophaceticus
schinkii [103], Tepidanaerobacter syntrophicus [104], T. acetatoxydans [50]
and Candidatus “Syntrophonatronum acetioxidans” [105]. These bacteria
are all afﬁliated with the phylum Firmicutes, except T. lettingae that be-
longs to the phylum Thermotogae. T. phaeum, T. lettingae and
T. acetatoxydans are the syntrophic acetate oxidizers that have their ge-
nome sequenced and available, thus far. Although T. phaeum and
T. acetatoxydans both belong to the Thermoanaerobacteraceae family,
these two species share only 83% 16S rRNA gene sequence identity.
Dissimilatory sulfate-reducing bacteria able to use fatty-acids are
very diverse. Sulfate-reducing bacteria analyzed in the scope of this re-
view are distributed among Deltaprobacteria and Firmicutes phyla
(Fig. 2a, species highlighted in green color). Desulfotomaculum species
belong to Peptocaccaceae family, the same family of the syntrophic
Pelotomaculum species. Recently, it was shown that the genomes of
D. kuznetsovii and P. thermopropionicum have a high similarity [79]. The
genes involved in propionatemetabolismof these two strains are similar,
butmain differenceswere found in genes involved in the electron accep-
tor metabolism. Some Desulfotomaculum species – D. thermobenzoicum
subsp. thermosyntrophicum and D. thermocisternum – were also shown
to grow on propionate in syntrophy with a hydrogenotrophic
methanogen (without sulfate) [106,107].
Two phylogenetic trees were constructed (Fig. 2). Fig. 2A shows a
16SrRNA gene based tree which shows bacterial species used in this
study and their classiﬁcation and phylogeny with species whose ge-
nome has not been sequenced. Fig. 2B shows a genomewide functional
domain based tree of the bacterial species included in this study. Both
2012 P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016
Fig. 2. Neighbor joining tree based on 16S rRNA gene sequences (A) and a tree based on the presence and absence of functional domain (B), both showing the phylogenetic afﬁliation of
bacteria analyzed in this work. In red— bacteria that have been previously shown to grow in syntrophywithmethanogens; in blue— sulfate-reducing bacteria. In the 16S rRNA gene based
tree sequences of different Thermotoga species were used as an outgroup but were pruned from the tree. The scale bar represents 10% sequence divergence.
2013P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016trees show that the ability to grow syntrophically is widely distributed,
meaning that phylogeny of short chain fatty acid degraders does not
predict syntrophy. The ability to grow in syntrophy is either ﬁrst
evolved and then lost or acquired by horizontal gene transfer from a
syntroph to a non-syntroph. Multiple horizontal gene transfers of
dissimilatory sulﬁte reductase genes (dsrAB) in sulfate-reducing
prokaryotes have been suggested by [108]. These authors found that
the topology of a tree based on a large fragment of the dsrAB did not
match completely with the corresponding 16S based tree.5. Conclusions
Systematic functional proﬁling of genomes shed light on the
question: “what are the key properties that make that a SCFA degrading
bacterium is able to grow in syntrophy with methanogens and another
not”. The presence or absence of extra-cytoplasmic formate dehydroge-
nases, including their maturation proteins is clearly a difference
between syntrophic and non-syntrophic butyrate and/or propionate-
degraders. Further biochemical examination and knock-out
2014 P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016experiments of genes involved in extra-cytoplasmic formate dehydro-
genase activity and maturation would give more insight in the impor-
tance of this enzyme complex during syntrophy. Genetic manipulation
protocols for SCFA degrading syntrophic bacteria have to be developed.
Furthermore the presence or absence of two domains, both linked to
membrane integrated proteins with a currently unknown function in
syntrophy, appears tomake a difference aswell. Both aremembrane in-
tegrated proteins. One is putatively involved in capsule or bioﬁlm for-
mation and a second in cell division, shape-determination or
sporulation. Capsule formation, cell division, shape-determination and
sporulation by these bacteria during syntrophic growth could be
assessed with microscopic techniques.
Sulfate-reducing bacteria such as D. autotrophicum HRM2, D. tiedjei
and D. meridiei were never tested for syntrophic growth, but all crucial
domains discussed in this review were found in corresponding
genomes, which suggests their possible ability to grow in syntrophic
association with methanogens. In addition, proﬁling domains involved
in electron transfer mechanisms revealed the important role of the
Rnf-complex and the formate transporter in syntrophy, and indicate
that DUF224 may have a role in electron transfer in bacteria other
than S. wolfei as well.
Acknowledgements
This research was ﬁnanced by grants of BE-Basic (project 7.2.3.), the
Technology Foundation, the Applied Science Division (STW) (project
11603) and the Divisions CW and ALW (projects 700.55.343 and
819.02.014) of the Netherlands Science Foundation (NWO) and ERC
(project 323009). Furthermore, this work was carried out on the
Dutch national e-infrastructure with the support of.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.06.005.
References
[1] C.E. Blank, Not so old archaea — the antiquity of biogeochemical processes in the
archaeal domain of life, Geobiology 7 (2009) 495–514.
[2] M.F. Shao, T. Zhang, H.H. Fang, Sulfur-driven autotrophic denitriﬁcation: diversity,
biochemistry, and engineering applications, Appl. Microbiol. Biotechnol. 88 (2010)
1027–1042.
[3] P. Offre, A. Spang, C. Schleper, Archaea in biogeochemical cycles, Annu. Rev.
Microbiol. 67 (2013) 437–457.
[4] G. Muyzer, A.J.M. Stams, The ecology and biotechnology of sulphate-reducing
bacteria, Nat. Rev. Microbiol. 6 (2008) 441–454.
[5] D.R. Lovley, M.J. Klug, Sulfate reducers can outcompete methanogens at freshwater
sulfate concentrations, Appl. Environ. Microbiol. 45 (1983) 187–192.
[6] G.W. Luther, A.J. Findlay, D.J. Macdonald, S.M. Owings, T.E. Hanson, R.A. Beinart, P.R.
Girguis, Thermodynamics and kinetics of sulﬁde oxidation by oxygen: a look at
inorganically controlled reactions and biologically mediated processes in the
environment, Front. Microbiol. 2 (2011) 62.
[7] H.J. Laanbroek, T. Abee, I.L. Voogd, Alcohol conversions by Desulfobulbus
propionicus Lindhorst in the presence and absence of sulfate and hydrogen, Arch.
Microbiol. 133 (1982) 178–184.
[8] A.J.M. Stams, C.M. Plugge, Electron transfer in syntrophic communities of anaerobic
bacteria and archaea, Nat. Rev. Microbiol. 7 (2009) 568–577.
[9] J.G. Ferry, D.J. Lessner, Methanogenesis in marine sediments, Ann. N. Y. Acad. Sci.
1125 (2008) 147–157.
[10] T.A. Hansen, Metabolism of sulfate-reducing prokaryotes, Antonie Van Leeuwenhoek
66 (1994) 165–185.
[11] Y. Liu, W.B. Whitman, Metabolic, phylogenetic, and ecological diversity of the me-
thanogenic archaea, Ann. N. Y. Acad. Sci. 1125 (2008) 171–189.
[12] M.J. McInerney, C.G. Struchtemeyer, J. Sieber, H. Mouttaki, A.J. Stams, B. Schink, L.
Rohlin, R.P. Gunsalus, Physiology, ecology, phylogeny, and genomics of microor-
ganisms capable of syntrophic metabolism, Ann. N. Y. Acad. Sci. 1125 (2008)
58–72.
[13] S. Hattori, Syntrophic acetate-oxidizing microbes in methanogenic environments,
Microbes Environ. 23 (2008) 118–127.
[14] J. Dolﬁng, B. Jiang, A.M. Henstra, A.J.M. Stams, C.M. Plugge, Syntrophic growth on
formate: a new microbial niche in anoxic environments, Appl. Environ. Microbiol.
74 (2008) 6126–6131.[15] C.M. Plugge, J.C.M. Scholten, D.E. Culley, L. Nie, F.J. Brockman, W.W. Zhang, Global
transcriptomics analysis of the Desulfovibrio vulgaris change from syntrophic
growth with Methanosarcina barkeri to sulﬁdogenic metabolism, Microbiology
(UK) 156 (2010) 2746–2756.
[16] C.M. Plugge, W. Zhang, J.C.M. Scholten, A.J.M. Stams, Metabolic ﬂexibility of sulfate-
reducing bacteria, Front. Microbiol. 2 (2011) 81.
[17] B. Meyer, J.V. Kuehl, A.M. Deutschbauer, A.P. Arkin, D.A. Stahl, Flexibility of
syntrophic enzyme systems in Desulfovibrio species ensures their adaptation
capability to environmental changes, J. Bacteriol. 195 (2013) 4900–4914.
[18] H. Imachi, Y. Sekiguchi, Y. Kamagata, S. Hanada, A. Ohashi, H. Harada,
Pelotomaculum thermopropionicum gen. nov., sp. nov., an anaerobic, thermophilic,
syntrophic propionate-oxidizing bacterium, Int. J. Syst. Evol. Microbiol. 52 (2002)
1729–1735.
[19] B. Schink, Energetics of syntrophic cooperation in methanogenic degradation,
Microbiol. Mol. Biol. Rev. 61 (1997) 262–280.
[20] C. Schlindwein, G. Giordano, C.L. Santini, M.A. Mandrand, Identiﬁcation and
expression of the Escherichia coli fdhD and fdhE genes, which are involved in the for-
mation of respiratory formate dehydrogenase, J. Bacteriol. 172 (1990) 6112–6121.
[21] J.R. Sieber, H.M. Le, M.J. McInerney, The importance of hydrogen and formate trans-
fer for syntrophic fatty, aromatic and alicyclic metabolism, Environ. Microbiol. 16
(2014) 177–188.
[22] F.A.M. de Bok, C.M. Plugge, A.J.M. Stams, Interspecies electron transfer in methan-
ogenic propionate degrading consortia, Water Res. 38 (2004) 1368–1375.
[23] A.J.M. Stams, X. Dong, Role of formate and hydrogen in the degradation of propio-
nate and butyrate by deﬁned suspended cocultures of acetogenic and methano-
genic bacteria, Antonie Van Leeuwenhoek 68 (1995) 281–284.
[24] M.J. McInerney, M.P. Bryant, R.B. Hespell, J.W. Costerton, Syntrophomonas wolfei
gen. nov. sp. nov., an anaerobic, syntrophic, fatty acid-oxidizing bacterium, Appl.
Environ. Microbiol. 41 (1981) 1029–1039.
[25] A. Schmidt, N. Müller, B. Schink, D. Schleheck, A proteomic view at the biochemis-
try of syntrophic butyrate oxidation in Syntrophomonas wolfei, PLoS One (2013) 8.
[26] B.E. Jackson, V.K. Bhupathiraju, R.S. Tanner, C.R. Woese, M.J. McInerney, Syntrophus
aciditrophicus sp. nov., a new anaerobic bacterium that degrades fatty acids and
benzoate in syntrophic association with hydrogen-using microorganisms, Arch.
Microbiol. 171 (1999) 107–114.
[27] Y. Sekiguchi, Y. Kamagata, K. Nakamura, A. Ohashi, H. Harada, Syntrophothermus
lipocalidus gen. nov., sp. nov., a novel thermophilic, syntrophic, fatty-acid-
oxidizing anaerobe which utilizes isobutyrate, Int. J. Syst. Evol. Microbiol. 50 (Pt
2) (2000) 771–779.
[28] H.J.M. Harmsen, B.L.M. Van Kuijk, C.M. Plugge, A.D.L. Akkermans, W.M. De Vos, A.J.M.
Stams, Syntrophobacter fumaroxidans sp. nov., a syntrophic propionate-degrading
sulfate-reducing bacterium, Int. J. Syst. Bacteriol. 48 (Pt 4) (1998) 1383–1387.
[29] T.N. Nazina, A.E. Ivanova, L.P. Kanchaveli, E.P. Rozanova, A new sporeforming ther-
mophilic methylothrophic sulfate-reducing bacterium, Desulfotomaculum
kuznetsovii sp. nov. Microbiology 57 (1988) 659–663.
[30] F. Widdel, Anaerober abbau von fettsäuren und benzoesäure durch neu isolierte
arten sulfatreduzierender bacterien, 1980. (Thesis).
[31] D. Suzuki, A. Ueki, A. Amaishi, K. Ueki, Desulfobulbus japonicus sp. nov., a novel
Gram-negative propionate-oxidizing, sulfate-reducing bacterium isolated from
an estuarine sediment in Japan, Int. J. Syst. Evol. Microbiol. 57 (2007) 849–855.
[32] C. Cravo-Laureau, R. Matheron, C. Joulian, J.L. Cayol, A. Hirschler-Rea,
Desulfatibacillum alkenivorans sp. nov., a novel n-alkene-degrading, sulfate-
reducing bacterium, and emended description of the genus Desulfatibacillum, Int.
J. Syst. Evol. Microbiol. 54 (2004) 1639–1642.
[33] M. Balk, M. Altinbas, W.I. Rijpstra, J.S. Sinninghe Damste, A.J. Stams,
Desulfatirhabdium butyrativorans gen. nov., sp. nov., a butyrate-oxidizing, sulfate-
reducing bacterium isolated from an anaerobic bioreactor, Int. J. Syst. Evol.
Microbiol. 58 (2008) 110–115.
[34] K. Brysch, C. Schneider, G. Fuchs, F. Widdel, Lithoautotrophic growth of sulfate-
reducing bacteria, and description of Desulfobacterium autotrophicum gen. nov.,
sp. nov. Arch. Microbiol. 148 (1987) 264–274.
[35] K. Finster, W. Liesack, B.J. Tindall, Desulfospira joergensenii, gen. nov., sp. nov., a new
sulfate-reducing bacterium isolated from marine surface sediment, Syst. Appl.
Microbiol. 20 (1997) 201–208.
[36] H. Ommedal, T. Torsvik, Desulfotignum toluenicum sp. nov., a novel toluene-
degrading, sulphate-reducing bacterium isolated from an oil-reservoir model col-
umn, Int. J. Syst. Evol. Microbiol. 57 (2007) 2865–2869.
[37] K.A. Deweerd, J.M. Suﬂita, Anaerobic aryl reductive dehalogenation of
halobenzoates by cell extracts of “Desulfomonile tiedjei”, Appl. Environ. Microbiol.
56 (1990) 2999–3005.
[38] W.J. Robertson, J.P. Bowman, P.D. Franzmann, B.J. Mee, Desulfosporosinus meridiei
sp. nov., a spore-forming sulfate-reducing bacterium isolated from gasolene-
contaminated groundwater, Int. J. Syst. Evol. Microbiol. 51 (2001) 133–140.
[39] C. Knoblauch, K. Sahm, B.B. Jorgensen, Psychrophilic sulfate-reducing bacteria iso-
lated from permanently cold arctic marine sediments: description of Desulfofrigus
oceanense gen. nov., sp. nov., Desulfofrigus fragile sp. nov., Desulfofaba gelida gen.
nov., sp. nov., Desulfotalea psychrophila gen. nov., sp. nov. and Desulfotalea arctica
sp. nov, Int. J. Syst. Bacteriol. 49 (Pt 4) (1999) 1631–1643.
[40] J. Kuever, F.A. Rainey, H. Hippe, Description of Desulfotomaculum sp. Groll as
Desulfotomaculum gibsoniae sp. nov, Int. J. Syst. Bacteriol. 49 (Pt 4) (1999)
1801–1808.
[41] T. Candela, A. Fouet, Poly-gamma-glutamate in bacteria, Mol. Microbiol. 60 (2006)
1091–1098.
[42] T. Candela, M. Moya, M. Haustant, A. Fouet, Fusobacterium nucleatum, the ﬁrst
Gram-negative bacterium demonstrated to produce polyglutamate, Can. J.
Microbiol. (2009) 627–632.
2015P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016[43] M. Morikawa, S. Kagihiro, M. Haruki, K. Takano, S. Branda, R. Kolter, S. Kanaya, Bio-
ﬁlm formation by a Bacillus subtilis strain that produces gamma-polyglutamate,
Microbiology 152 (2006) 2801–2807.
[44] M. Ikeda, T. Sato, M.Wachi, H.K. Jung, F. Ishino, Y. Kobayashi, M. Matsuhashi, Struc-
tural similarity among Escherichia coli FtsW and RodA proteins and Bacillus subtilis
SpoVE protein, which function in cell division, cell elongation, and spore formation,
respectively, J. Bacteriol. 171 (1989) 6375–6378.
[45] B. Joris, G. Dive, A. Henriques, P.J. Piggot, J.M. Ghuysen, The life-cycle proteins RodA
of Escherichia coli and SpoVE of Bacillus subtilis have very similar primary struc-
tures, Mol. Microbiol. 4 (1990) 513–517.
[46] T. Mohammadi, R. Sijbrandi, M. Lutters, J. Verheul, N. Martin, T. den Blaauwen, B. de
Kruijff, E. Breukink, Speciﬁcity of the transport of Lipid II by FtsW in Escherichia coli,
J. Biol. Chem. (2014) 14707–14718.
[47] P.L. Tremblay, T. Zhang, S.A. Dar, C. Leang, D.R. Lovley, The Rnf complex of Clostrid-
ium ljungdahlii is a proton-translocating ferredoxin:NAD+ oxidoreductase essential
for autotrophic growth, MBio 4 (2012) e00406–e00412.
[48] M.J. McInerney, L. Rohlin, H. Mouttaki, U. Kim, R.S. Krupp, L. Rios-Hernandez, J.
Sieber, C.G. Struchtemeyer, A. Bhattacharyya, J.W. Campbell, R.P. Gunsalus, The ge-
nome of Syntrophus aciditrophicus: life at the thermodynamic limit of microbial
growth, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 7600–7605.
[49] J.C.M. Scholten, R. Conrad, Energetics of syntrophic propionate oxidation in deﬁned
batch and chemostat cocultures, Appl. Environ. Microbiol. 66 (2000) 2934–2942.
[50] M. Westerholm, S. Roos, A. Schnürer, Tepidanaerobacter acetatoxydans sp. nov.,
an anaerobic, syntrophic acetate-oxidizing bacterium isolated from two
ammonium-enriched mesophilic methanogenic processes, Syst. Appl. Microbiol.
34 (2011) 260–266.
[51] D. Oehler, A. Poehlein, A. Leimbach, N. Müller, R. Daniel, G. Gottschalk, B. Schink,
Genome-guided analysis of physiological and morphological traits of the fermen-
tative acetate oxidizer Thermacetogenium phaeum, BMC Genomics 13 (2012) 723.
[52] A. Schnürer, B. Schink, B.H. Svensson, Clostridium ultunense sp. nov., a mesophilic
bacterium oxidizing acetate in syntrophic association with a hydrogenotrophic
methanogenic bacterium, Int. J. Syst. Bacteriol. 46 (1996) 1145–1152.
[53] F. Widdel, New types of acetate-oxidizing, sulfate-reducing Desulfobacter species,
D. hydrogenophilus sp. no., D. latus sp. nov., and D. curvatus sp. nov. Arch. Microbiol.
148 (1987) 286–291.
[54] F. Widdel, N. Pfennig, Studies on dissimilatory sulfate-reducing bacteria that
decompose fatty acids. I. Isolation of new sulfate-reducing bacteria enriched
with acetate from saline environments. Description of Desulfobacter postgatei
gen. nov., sp. nov, Arch. Microbiol. 129 (1981) 395–400.
[55] S. Schnell, F. Bak, N. Pfennig, Anaerobic degradation of aniline and
dihydroxybenzenes by newly isolated sulfate-reducing bacteria and description
of Desulfobacterium anilini, Arch. Microbiol. 152 (1989) 556–563.
[56] B. Ollivier, C.E. Hatchikian, G. Prensier, J. Guezennec, J.-L. Garcia, Desulfohalobium
retbaense gen. nov., sp. nov., a halophilic sulfate-reducing bacterium from
sediments of a hypersaline lake in Senegal, Int. J. Syst. Bacteriol. 41 (1991) 74–81.
[57] S.J. Oude Elferink, W.M. Akkermans-van Vliet, J.J. Bogte, A.J.M. Stams, Desulfobacca
acetoxidans gen. nov., sp. nov., a novel acetate-degrading sulfate reducer isolated
from sulﬁdogenic granular sludge, Int. J. Syst. Bacteriol. 49 (1999) 345–350.
[58] F. Widdel, N. Pfennig, A new anaerobic, sporing, acetate-oxidizing, sulfate-reducing
bacterium, Desulfotomaculum (emend.) acetoxidans, Arch. Microbiol. 112 (1977)
119–122.
[59] W. Buckel, R.K. Thauer, Energy conservation via electron bifurcating ferredoxin re-
duction and proton/Na+ translocating ferredoxin oxidation, Biochim. Biophys. Acta
1827 (2013) 94–113.
[60] S. Wang, H. Huang, J. Kahnt, A.P. Mueller, M. Kopke, R.K. Thauer, NADP-speciﬁc
electron-bifurcating [FeFe]-hydrogenase in a functional complex with formate de-
hydrogenase in Clostridium autoethanogenum grown on CO, J. Bacteriol. 195 (2013)
4373–4386.
[61] H. Huang, S. Wang, J. Moll, R.K. Thauer, Electron bifurcation involved in the energy
metabolism of the acetogenic bacterium Moorella thermoacetica growing on glu-
cose or H2 plus CO2, J. Bacteriol. 194 (2012) 3689–3699.
[62] F. Li, J. Hinderberger, H. Seedorf, J. Zhang,W. Buckel, R.K. Thauer, Coupled ferredox-
in and crotonyl coenzyme A (CoA) reduction with NADH catalyzed by the butyryl-
CoA dehydrogenase/Etf complex from Clostridium kluyveri, J. Bacteriol. 190 (2008)
843–850.
[63] G.J. Schut, M.W. Adams, The iron-hydrogenase of Thermotoga maritima utilizes
ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen
production, J. Bacteriol. 191 (2009) 4451–4457.
[64] A.K. Kaster, J. Moll, K. Parey, R.K. Thauer, Coupling of ferredoxin and heterodisulﬁde
reduction via electron bifurcation in hydrogenotrophic methanogenic archaea,
Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 2981–2986.
[65] S. Wang, H. Huang, J. Moll, R.K. Thauer, NADP+ reduction with reduced ferredoxin
and NADP+ reduction with NADH are coupled via an electron-bifurcating enzyme
complex in Clostridium kluyveri, J. Bacteriol. 192 (2010) 5115–5123.
[66] S. Wang, H. Huang, J. Kahnt, R.K. Thauer, Clostridium acidurici electron-bifurcating
formate dehydrogenase, Appl. Environ. Microbiol. 79 (2013) 6176–6179.
[67] K.C. Costa, T.J. Lie, Q. Xia, J.A. Leigh, VhuD facilitates electron ﬂow from H2 or
formate to heterodisulﬁde reductase in Methanococcus maripaludis, J. Bacteriol.
195 (2013) 5160–5165.
[68] E. Biegel, S. Schmidt, J.M. Gonzalez, V. Müller, Biochemistry, evolution and physio-
logical function of the Rnf complex, a novel ion-motive electron transport complex
in prokaryotes, Cell. Mol. Life Sci. 68 (2011) 613–634.
[69] R. Hedderich, L. Forzi, Energy-converting [NiFe] hydrogenases: more than just H2
activation, J. Mol. Microbiol. Biotechnol. 10 (2005) 92–104.
[70] P.S. Beaty, M.J. McInerney, Nutritional features of Syntrophomonas wolfei, Appl.
Environ. Microbiol. 56 (1990) 3223–3224.[71] R.K. Thauer, K. Jungermann, K. Decker, Energy conservation in chemotrophic an-
aerobic bacteria, Microbiol. Mol. Biol. Rev. 41 (1977) 100–180.
[72] N. Müller, D. Schleheck, B. Schink, Involvement of NADH:acceptor oxidoreductase
and butyryl coenzyme A dehydrogenase in reversed electron transport during
syntrophic butyrate oxidation by Syntrophomonas wolfei, J. Bacteriol. 191 (2009)
6167–6177.
[73] M.J. McInerney, N.Q. Wofford, Enzymes involved in crotonate metabolism in
Syntrophomonas wolfei, Arch. Microbiol. 158 (1992) 344–349.
[74] C. Wallrabenstein, B. Schink, Evidence of reversed electron transport in syntrophic
butyrate or benzoate oxidation by Syntrophomonas wolfei and Syntrophus buswellii,
Arch. Microbiol. 162 (1994) 136–142.
[75] B.L.M. van Kuijk, E. Schlösser, A.J.M. Stams, Investigation of the fumarate metabo-
lism of the syntrophic propionate-oxidizing bacterium strain MPOB, Arch.
Microbiol. 169 (1998) 346–352.
[76] X. Dong, C.M. Plugge, A.J.M. Stams, Anaerobic degradation of propionate by a
mesophilic acetogenic bacterium in coculture and triculture with different
methanogens, Appl. Environ. Microbiol. 60 (1994) 2834–2838.
[77] T. Kosaka, S. Kato, T. Shimoyama, S. Ishii, T. Abe, K. Watanabe, The genome of
Pelotomaculum thermopropionicum reveals niche-associated evolution in anaerobic
microbiota, Genome Res. 18 (2008) 442–448.
[78] T. Kosaka, T. Uchiyama, S. Ishii, M. Enoki, H. Imachi, Y. Kamagata, A. Ohashi, H.
Harada, H. Ikenaga, K. Watanabe, Reconstruction and regulation of the central cat-
abolic pathway in the thermophilic propionate-oxidizing syntroph Pelotomaculum
thermopropionicum, J. Bacteriol. 188 (2006) 202–210.
[79] M. Visser, P. Worm, G. Muyzer, I.A.C. Pereira, P.J. Schaap, C.M. Plugge, J. Kuever, S.N.
Parshina, T.N. Nazina, A.E. Ivanova, R. Bernier-Latmani, L.A. Goodwin, N.C. Kyrpides,
T. Woyke, P. Chain, K.W. Davenport, S. Spring, H.P. Klenk, A.J.M. Stams, Genome
analysis of Desulfotomaculum kuznetsovii strain 17T reveals a physiological similar-
ity with Pelotomaculum thermopropionicum strain SIT, Stand. Genomic Sci. 8 (2013)
69–87.
[80] M.D. Collins, F. Widdel, Respiratory quinones of sulphate-reducing and sulfur-
reducing bacteria: a systematic investigation, Syst. Appl. Microbiol. 8 (1986) 8–18.
[81] F. Widdel, N. Pfennig, Studies on dissimilatory sulfate-reducing bacteria that de-
compose fatty acids II. Incomplete oxidation of propionate by Desulfobulbus
propionicus gen. nov., sp. nov. Arch. Microbiol. 131 (1982) 360–365.
[82] S. Dannenberg, M. Kroder, W. Dilling, C. Heribert, Oxidation of H2, organic
compounds and inorganic sulfur compounds coupled to reduction of O2 or nitrate
by sulfate-reducing bacteria, Arch. Microbiol. 158 (1992) 93–99.
[83] A.J.M. Stams, D.R. Kremer, K. Nicolay, G.H. Weenk, T.A. Hansen, Pathway of propi-
onate formation in Desulfobulbus propionicus, Arch. Microbiol. 139 (1984)
167–173.
[84] M.D. Collins, F. Widdel, A new respiratory quinone, 2-methyl-3-V-
dihydropentaprenyl-1, 4-naphthoquinone, isolated from Desulfobulbus
propionicus, Syst. Appl. Microbiol. 5 (1984) 281–286.
[85] Y. Liu, D.L. Balkwill, H.C. Aldrich, G.R. Drake, D.R. Boone, Characterization of the an-
aerobic propionate-degrading syntrophs Smithella propionica gen. nov., sp. nov.
and Syntrophobacter wolinii, Int. J. Syst. Bacteriol. 49 (Pt 2) (1999) 545–556.
[86] F.A.M. de Bok, A.J.M. Stams, C. Dijkema, D.R. Boone, Pathway of propionate oxida-
tion by a syntrophic culture of Smithella propionica andMethanospirillum hungatei,
Appl. Environ. Microbiol. 67 (2001) 1800–1804.
[87] N. Müller, P.Worm, B. Schink, A.J. Stams, C.M. Plugge, Syntrophic butyrate and pro-
pionate oxidation processes: from genomes to reaction mechanisms, Environ.
Microbiol. Rep. 2 (2010) 489–499.
[88] P. Worm, A.J.M. Stams, X. Cheng, C.M. Plugge, Growth- and substrate-dependent
transcription of formate dehydrogenase and hydrogenase coding genes in
Syntrophobacter fumaroxidans and Methanospirillum hungatei, Microbiology 157
(2011) 280–289.
[89] B.L.M. van Kuijk, A.J.M. Stams, Puriﬁcation and characterization of malate dehydro-
genase from the syntrophic propionate-oxidizing bacterium strain MPOB, FEMS
Microbiol. Lett. 144 (1996) 141–144.
[90] E. Chabriere, M.H. Charon, A. Volbeda, L. Pieulle, E.C. Hatchikian, J.C. Fontecilla-
Camps, Crystal structures of the key anaerobic enzyme pyruvate:ferredoxin oxido-
reductase, free and in complex with pyruvate, Nat. Struct. Mol. Biol. 6 (1999)
182–190.
[91] F.A.M. de Bok, P.L. Hagedoorn, P.J. Silva, W.R. Hagen, E. Schiltz, K. Fritsche, A.J.M.
Stams, Two W-containing formate dehydrogenases (CO2-reductases) involved in
syntrophic propionate oxidation by Syntrophobacter fumaroxidans, Eur. J. Biochem.
270 (2003) 2476–2485.
[92] S. Hattori, Y. Kamagata, S. Hanada, H. Shoun, Thermacetogenium phaeum gen. nov.,
sp. nov., a strictly anaerobic, thermophilic, syntrophic acetate-oxidizing bacterium,
Int. J. Syst. Evol. Microbiol. 50 (Pt 4) (2000) 1601–1609.
[93] A. Poehlein, S. Schmidt, A.K. Kaster, M. Goenrich, J. Vollmers, A. Thurmer, J. Bertsch,
K. Schuchmann, B. Voigt, M. Hecker, R. Daniel, R.K. Thauer, G. Gottschalk, V. Muller,
An ancient pathway combining carbon dioxide ﬁxation with the generation and
utilization of a sodium ion gradient for ATP synthesis, PLoS One 7 (2012) e33439.
[94] S. Manzoor, E. Bongcam-Rudloff, A. Schnurer, B. Muller, First genome sequence of a
syntrophic acetate-oxidizing bacterium, Tepidanaerobacter acetatoxydans strain
Re1, Genome Announc. 1 (2013).
[95] B.C. McBride, R.S. Wolfe, On the biochemistry of methane formation, Arch.
Microbiol. 7 (1936) 404–419.
[96] S.H. Zinder, S.C. Cardwell, T. Anguish, M. Lee, M. Koch, Methanogenesis in a ther-
mophilic (58 degrees C) anaerobic digestor: Methanothrix sp. as an important
aceticlastic methanogen, Appl. Environ. Microbiol. 47 (1984) 796–807.
[97] A. Schnürer, G. Zellner, B.H. Svensson, Mesophilic syntrophic acetate oxidation
during methane formation in biogas reactors, FEMS Microbiol. Ecol. 29 (1999)
249–261.
2016 P. Worm et al. / Biochimica et Biophysica Acta 1837 (2014) 2004–2016[98] D.Z. Sousa, H. Smidt, M.M. Alves, A.J.M. Stams, Ecophysiology of syntrophic com-
munities that degrade saturated and unsaturated long-chain fatty acids, FEMS
Microbiol. Ecol. 68 (2009) 257–272.
[99] J.R. Sieber, D.R. Sims, C. Han, E. Kim, A. Lykidis, A.L. Lapidus, E. McDonnald, L.
Rohlin, D.E. Culley, R. Gunsalus, M.J. McInerney, The genome of Syntrophomonas
wolfei: new insights into syntrophic metabolism and biohydrogen production, En-
viron. Microbiol. 12 (2010) 2289–2301.
[100] A.J.M. Stams, D.Z. Sousa, R. Kleerebezem, C.M. Plugge, Role of syntrophic microbial
communities in high-rate methanogenic bioreactors, Water Sci. Technol. 66 (2012)
352–362.
[101] C.M. Plugge, A.M. Henstra, P. Worm, D.C. Swarts, A.H. Paulitsch-Fuchs, J.C. Scholten,
A. Lykidis, A.L. Lapidus, E. Goltsman, E. Kim, E. McDonald, L. Rohlin, B.R. Crable, R.P.
Gunsalus, A.J.M. Stams, M.J. McInerney, Complete genome sequence of
Syntrophobacter fumaroxidans strain (MPOBT), Stand. Genomic Sci. 7 (2012) 91–106.
[102] M. Balk, J. Weijma, A.J.M. Stams, Thermotoga lettingae sp. nov., a novel thermophil-
ic, methanol-degrading bacterium isolated from a thermophilic anaerobic reactor,
Int. J. Syst. Evol. Microbiol. 52 (2002) 1361–1368.
[103] M.Westerholm, S. Roos, A. Schnurer, Syntrophaceticus schinkii gen. nov., sp nov., an
anaerobic, syntrophic acetate-oxidizing bacterium isolated from a mesophilic an-
aerobic ﬁlter, FEMS Microbiol. Lett. 309 (2010) 100–104.[104] Y. Sekiguchi, H. Imachi, A. Susilorukmi, M. Muramatsu, A. Ohashi, H. Harada, S.
Hanada, Y. Kamagata, Tepidanaerobacter syntrophicus gen. nov., sp. nov., an anaer-
obic, moderately thermophilic, syntrophic alcohol- and lactate-degrading bacteri-
um isolated from thermophilic digested sludges, Int. J. Syst. Evol. Microbiol. 56
(2006) 1621–1629.
[105] D.Y. Sorokin, B. Abbas, T.P. Tourova, B.K. Bumazhkin, T.V. Kolganova, G. Muyzer,
Sulfate-dependent acetate oxidation under extremely natron-alkaline conditions
by syntrophic associations from hypersaline soda lakes, Microbiology 160 (2014)
723–732.
[106] R.K. Nilsen, T. Torsvik, T. Lien, Desulfotomaculum thermocisternum sp. nov., a sulfate
reducer isolated from a hot North Sea oil reservoir, Int. J. Syst. Bacteriol. 46 (1996)
397–402.
[107] C.M. Plugge, M. Balk, A.J.M. Stams, Desulfotomaculum thermobenzoicum subsp.
thermosyntrophicum subsp. nov., a thermophilic, syntrophic, propionate-
oxidizing, spore-forming bacterium, Int. J. Syst. Evol. Microbiol. 52 (2002)
391–399.
[108] M. Klein, M. Friedrich, A.J. Roger, P. Hugenholtz, S. Fishbain, H. Abicht, L.L. Blackall,
D.A. Stahl, M. Wagner, Multiple lateral transfers of dissimilatory sulﬁte reductase
genes between major lineages of sulfate-reducing prokaryotes, J. Bacteriol. 183
(2001) 6028–6035.
